A prolonged stay of porous silicon in the air environment gives rise to structural changes in its surface layer, and the standard single-layer model is not sufficiently accurate to describe them. In this work, the structure of the near-surface layer in porous silicon is studied using the polygonal ellipsometry method. A combined approach is proposed to analyze the angular ellipsometry data for the parameters and Δ. It consists in the application of the multilayer medium model and the matrix method, while simulating the propagation of optical radiation in this medium in order to obtain the theoretical angular dependences of tan and cos Δ. In this method, the dependence of the sought optical profile on the specimen depth is an additional condition imposed on the multilayer model. Evolutionary numerical methods are used for finding the global minimum of the mean squared error (MSE) between the corresponding theoretical and experimental dependences, and the parameters of an optical profile are determined. A model in which the inner non-oxidized layer of porous silicon is homogeneous, whereas the refractive index in the outer oxidized layer has a linear profile, is analyzed. It is shown that the linear and two-step models for the refractive index of an oxidized film provided the best agreement with the experimental ellipsometric functions. The adequacy of the theoretical model is also confirmed by determining the color coordinates of the specimen.
Introduction
Porous silicon is obtained by the electrochemical etching of single-crystalline silicon in a specially selected electrolyte prepared on the basis on the aqueous solution of hydrofluoric acid. As a result of electrochemical reactions occurring in the silicon bulk, there arises a region near the silicon surface with a branched system of pores. The latter are mainly oriented along the current direction and, most often, perpendicularly to the specimen surface. The thickness of this region depends on the technological conditions of porous silicon manufacture and amounts to a few micrometers [1] [2] [3] .
After the current has been switched off, the specimen is brought into the air environment. Chemical reactions in the formed porous silicon layer fade, which is accompanied by the interaction with atmospheric oxygen and water vapor. After several months of the specimen storage in air, a thin film with a thickness of up to two hundred nanometers emerges on the porous silicon surface. This film may contain pore remnants (the silicon frame) that are partially or completely filled with reaction products; the latter are mainly silicon oxides of various compositions. There are spectro-ellipsometric data that show that this film is not homogeneous across its thickness [4] , but may be composed of two components [5] .
Spectro-ellipsometric measurements [1] [2] [3] testify to a complicated multilayered structure of porous silicon. However, it is unclear which object those data are related to: the near-surface layer or the deposited film. The aim of this work is to study the structure of the emerging film and to determine its optical parameters in the framework of the most general model, which makes allowance for the inhomogeneity of the researched object over its depth. The study of porous silicon is a challenging task in view of the application of this silicon form to the creation of sensors and polarization elements, as well as to biology and medicine [6] .
Experimental Part
A specimen of porous silicon fabricated in the form of a plate about 1 mm in thickness was studied. The specimen was obtained by the electrochemical etching of single-crystalline silicon of the -type for 3 min under a current density of 10 mA/cm 2 in the electrolyte HF + acetone taken in a volume ratio of 2 : 1. After the manufacture, the specimen had been stored in the laboratory for several years at room temperature and in contact with ambient air. A bright interference pattern in the form of several multicolored stripes ( Fig. 1 ) could be visually observed on the specimen surface, which evidenced the appearance of a thin film with geometrically flat boundaries on the surface of porous silicon itself.
With the help of an automated goniopolarimetric installation [7] and by appying the rotating-analyzer method, angular ellipsometric measurements were carried out. The results obtained are used to determine the following ellipsometric parameters of reflected light: Δ is the phase difference between the -and -components of the electric vector of the light wave, and is the arctangent of the ratio between the reflectances in the -and -planes of the specimen. The source radiation wavelength was = 625 nm, the spectral half-width Δ = 10 nm, the angle of incidence was varied in the interval = (40÷80) ∘ with a step of 2.5 ∘ . The probe point is shown in Fig. 1 .
Experimental Ellipsometric Data and Their Discussion
The obtained ellipsometric data were analyzed in order to solve the inverse problem of ellipsometry, i.e., to determine the characteristics of the reflection sys- tem on the basis of the measured values obtained for the ellipsometric parameters. This task was realized using an automated program based on an ellipsometric function obtained for a large number of layers. The examined object was considered as a set of thin plane-parallel layers on a substrate. Every layer was characterized by a complex refractive index = − . All layers were identical in the thickness . In order to calculate the light transmission (reflection and transmission) through this model system, the matrix method was applied. It is based on the electromagnetic radiation theory [8] and continues to be successfully used in a number of problems [9] . One of its advantages consists in making allowance for interference phenomena in multilayered systems. The ( ) 0− waves reflected from such a system in the cases of -and -polarizations are calculated using the Fresnel equations for the reflection coefficients between the layers. Having expressions for those waves, it is easy to obtain the following ellipsometric parameters:
the amplitude ratio between the reflected wave components,
and the cosine of a phase shift between them,
In such a way, we theoretically calculated the dependences of the quantities tan and cos Δ on the incidence angle and compared them with the experimentally measured ones. As a criterion that characterizes the quality of matching between the indicated dependences, we selected the mean square error (MSE) function:
where is the number of experimental points (the angles of incidence). By varying the layer parameters Table 1 . Thicknesses and refractive indices for the first and second layers, and color characteristics x, y, Δ * obtained within of the two-layer homogeneous model ( )
Solution
No. of the model in order to minimize the MSE value, the optical characteristics of a specimen can be determined. For this purpose, we wrote a program in the LabVIEW environment, which minimized the MSE considered as a function of many variables. Besides the simplest theoretical models, such as a semiinfinite medium or one-and two-layer models, this program allowed more sophisticated optical profiles to be analyzed. For this purpose, the number of layers in the model was taken to be equal to 500. Surely, for such a large number of parameters, the problem could not be solved absolutely exactly. Therefore, the refractive indices of all layers were related among themselves by means of a given functional dependence (for example, linear), which describes a certain type of optical profiles. At the first stage, a two-layer homogeneous model was used to describe the specimen. A homogeneous layer of porous silicon was assumed to be located immediately on the silicon surface. In turn, this layer was assumed to be covered with a homogeneous oxidized layer (Fig. 2, a) . In the course of simulation, the variation interval for the refractive index of the upper (oxidized) layer was taken to equal 1 = 1.0÷2.0, and the corresponding interval for its thickness to 1 = 1÷400 nm. For porous silicon (the intermediate layer), the relevant intervals were 2 = 1.6÷3.9 and 2 = 1÷4 m, respectively. The refractive index of the substrate was taken to be fixed and equal to 3 The relief of the MSE goal function is very complcated. In particular, it can possess plenty of local minima. Therefore, its global minimum was found using the differential evolution method [10] . The advantages of the latter include the simplicity of its implementation and a small number of control parameters. The starting point of the algorithm was randomly selected within the selected limits, and the MSE minimization procedure was repeated many times. As a result, 20 sets of solutions (the thicknesses and the refractive indices of the layers) were obtained, which turned out to be rather close to each other. They were sorted according to the MSE value, the best ten of them were selected for the further analysis, and the others were rejected (see Table 1 ).
When studying the structure of thin layers, the spectral ellipsometry is, as a rule, more informative than the angular one. Although the correspond- ing measurements were not carried out in this work, the following trick was applied instead. The examined specimen had a pronounced interference pattern on its surface (see Fig. 1 ). Therefore, colorimetry methods could be used to additionally evaluate the adequacy of the applied theoretical models and the results obtained. By varying the wavelength , -this is one of the parameters of the theoretical modelthe light reflection spectrum at the normal incidence, ( ), was calculated for each solution. A typical form of those spectra is shown in Fig. 3 . Knowing ( ), the color coordinates of the specimen in the system were calculated using the standard procedure [11] :
( ) is the spectral distribution of the radiation power emitted by a standard illuminant (for getting daylight, this is a CIE standard illuminant D65);
( ), ( ), and ( ) are the color matching functions; and is the normalization constant. The integration is carried out over the whole visible spectral interval.
The calculated color coordinates were compared with their counterparts obtained using the photographic method in the probe region ( = 0.272, = 0.313). The distance Δ * in the CIELAB color space [11] , which shows how close two colors are to each other, was chosen as a matching criterion. In order to determine this distance, we have to change to the corresponding coordinate frame. Then
The values of the indicated colorimetric quantitiesare also quoted in Table 1 . They correspond to the visually observed blue color of the specimen in the probe area. This comparison confirms that the two-layer homogeneous model describes the optical properties of the porous silicon specimen rather accurately (the conventional color resolution threshold equals 4). However, one should not forget that different reflectance spectra may correspond to the same color. Therefore, the described colorimetric approach is only an additional testing method. The total pore depth mainly depends on the etching time of a specimen. The sum of the obtained thicknesses 1 + 2 ≈ 2.5 m agrees well with the literature data obtained after the about 3-min etching of a specimen [1] [2] [3] . However, in reality, the structure of layers can be inhomogeneous, so that the additional testing is required. As was marked above, in order to Table 3 . Thicknesses and refractive indices of the first and second layers, and color characteristics x, y, Δ * obtained in the linear model ( ) for the outer layer (film)
No. , nm 11 12 MSE, ×10 −3 Δ * obtain a correct solution of the inverse ellipsometric problem, the expected optical profile of the specimen has to be described by a certain function. Let us assume the upper layer of the system to be homogeneous and fix its parameters and at the valuesobtained for one of the solutions at the previous simulation stage. At the same time, the intermediate layer is considered to be inhomogeneous, i.e., with a certain distribution of the refractive index over the depth. A linear profile was chosen, as the simplest one, to simulate the layer inhomogeneity (in Fig. 2 , , the refractive index varies from 21 to 22 ). Optimal parameters for the intermediate layer were found using the described procedure for each of 10 previously selected solutions. The results obtained are summarized in Table 2 .
When analyzing the layer parameters and the MSE values obtained in the framework of the homogeneous model, one can see two trends. First, the thickness 2 of the intermediate layer is by 10%, on average, larger in the inhomogeneous layer model than in the homogeneous one. This is also true for the corresponding MSE values. Second, the slope of a linear distribution turns out to be very small, so that the model becomes actually degenerate into the case of homogeneous layer. From whence, a conclusion can be drawn about the probable uniformity of the refractive index 2 in the intermediate layer across its depth.
Now, let us suppose that the upper layer is inhomogeneous (Fig. 2, ) , and its refractive index varies linearly from 11 to 12 . We fix the parameters ob-tained for the intermediate layer in the homogeneous model and perform the same calculations for those 10 solutions. New results are summarized in Table 3 . As one see, there is a dependence of the refractive index in the upper layer on the depth; it varies, on average, from 11 = 1.47 to 12 = 1.56. The thicknesses of the oxidized layer calculated in the inhomogeneous and homogeneous models are approximately identical (to an accuracy of 2%), and the MSE decreases by approximately 4%.
Analogously to what was done for the homogeneous model ( ), the reflection spectra ( ), the color coordinates ( , ) of the specimen, and their difference from the observed color in the * * * space were calculated. In comparison with the homogeneous model, this difference was smaller, which confirmed the adequacy of the results obtained.
Finally, the upper oxidized layer was divided, in the theoretical model, into two homogeneous layers (the three-layer model ( )). In this case, the first of them could describe a possible result of the interaction of the residual reaction products at their contact with atmospheric air. The parameters of the oxidized porous silicon layer were fixed (see Table 1 ). At this stage, the calculations were performed only for the first 5 solutions, and their results are shown in Table 4 .
It is evident that the outer film layer has a larger thickness, 0 , than the inner layer, 1 , and their sums are equal to the previously obtained thicknesses of the oxidized layer, 1 , with an accuracy of 1%. The corresponding average refractive indices are 0 = 1.50 On the whole, we may say that this extended three-layer model describes the ellipsometric results of measurements in the best way in comparison with the previous models. An illustrative example demonstrating the validity of the applied theoretical approach is the forms of the experimental ellipsometric functions and the ellipsometric functions calculated by minimizing the MSE. The corresponding plots for solution No. 1 are shown in Fig. 4 .
The described approach can be applied not only to porous silicon, but also to various dielectric, semiconductor, or metallic materials with an inhomogeneous near-surface region (e.g., optical glass [12] ). In the case of conducting media, one cannot neglect the imaginary part of the refractive index, which is included into the theoretical model. The method makes it possible to compare the adequacy of preassigned optical profile models and to determine the best among them. But the specific form of the optical profile for those models should be chosen proceeding from the structural peculiarities in the examined object.
Conclusions
The near-surface region in real porous silicon has a complicated structure. This region can be resolved into porous silicon located on a substrate of singlecrystalline silicon and an upper oxidized layer. The upper layer (the film) is a result of the interaction between the electrochemical reaction products and atmospheric air, whereas the inner part is porous silicon itself formed at the moment of the current switching off. Its pores are filled with the products of electrochemical reactions, which have no access to atmospheric air.
The optical properties of porous silicon are well described in the framework of the two-layer model. The total thickness of porous silicon (about 2.5 m) is in good agreement with the literature data corresponding to the manufacture technology for this specimen. However, it is more probable that the deep layer of porous silicon is homogeneous across its thickness, whereas the near-surface oxidized layer has a more complicated distribution of the refractive index. Both linear and two-step profiles are suitable for its description.
The values obtained for the refractive indices of near-surface layers in porous silicon testify that the composition of those layers includes silicon oxides (with a refractive index close to 1.45), the remnants of non-oxidized silicon with a refractive index of about 3.9 (the access to them is blocked by oxides), and empty pores.
Porous silicon is characterized by a pronounced interference in the surface layer. This phenomenon can be used to additionally estimate the porous silicon thickness, which was found to equal about 150 nm. The applied colorimetry methods demonstrate good agreement between the calculated and measured colors of the specimen, which confirms the adequacy of simulation results.
